Structure of the first C2 domain of synaptotagmin I: A novel Ca2+/phospholipid-binding fold  by Sutton, R.Bryan et al.
Cell, Vol. 80, 929-938, March 24, 1995, Copyright © 1995 by Cell Press 
Structure of the First C2 Domain of Synaptotagmin I: 
A Novel Ca2+/Phospholipid-Binding Fold 
R. Bryan Sutton,* Bazbek A. Davletov,t 
Albert M. Berghuis,~ Thomas C. S/idhof,t~ 
and Stephen R. Sprang*t 
*Department of Biochemistry 
tHoward Hughes Medical Institute 
tDepartment of Molecular Genetics 
The University of Texas Southwestern Medical Center 
Dallas, Texas 75235 
Summary 
C2 domains are regulatory sequence motifs that occur 
widely in nature. Synaptotagmin I, a synaptic vesicle 
protein involved in the Ca 2+ regulation of exocytosis, 
contains two C2 domains, the first of which acts as a 
Ca 2÷ sensor. We now describe the three-dimensional 
structure of this C2 domain at 1.9,6, resolution in both 
the Ca2÷-bound and Ca2+-free forms. The C2 polypep- 
tide forms an eight-stranded I~ sandwich constructed 
around a conserved four-stranded motif designated 
as a C2 key. Ca 2÷ binds in a cup-shaped depression 
between two polypeptide loops located at the N- and 
C-termini of the C2-key motif. 
Introduction 
Cloning of different forms of protein kinase C (PKC) re- 
vealed the presence of four constant sequence motifs re- 
ferred to as C1-C4 domains (Coussens et al., 1986; Knopf 
et al., 1986). Whereas the C1, C3, and C4 domains are 
present in all isozymes of PKC, C2 domains are only pres- 
ent in those forms of PKC that are Ca 2+ dependent, identi- 
fying the C2 domain as a potential Ca2+-regulatory domain 
(Kaibuchi et al., 1989). Subsequently, domains homolo- 
gous to PKC C2 domains were identified in a variety of pro- 
teins, including synaptotagmin, phosphoiipase A2 (PLA2), 
GTPase-activating proteins (GAPs), rabphilin, and phos- 
pholipase C (PLC) isoforms (Perin et al., 1990; Nalefski 
et al., 1994; Clark et al., 1991; Vogel et al., 1988; Stahl 
et al., 1988). At this point, more than 40 distinct C2 domains 
are known, suggesting that this sequence motif represents 
a general, widely used domain. 
Synaptotagmins constitute a family of abundant and 
conserved synaptic vesicle membrane proteins that are 
composed of a short intravesicular N-terminal sequence, 
a single transmembrane region, and a cytoplasmic se- 
quence containing two C2 domains (Perin et al., 1990, 
1991a). Multiple forms of synaptotagmin have been de- 
scribed in vertebrates and invertebrates (Perin et al., 
1991 b; Geppert et al., 1991 ; Nonet et al., 1993; Wendland 
et al., 1991; Hilbush and Morgan, 1994; Mizuta et al., 
1994). Synaptotagmin I, the best characterized form of 
synaptotagmin, forms homomultimers and binds Ca 2+ and 
phospholipids in a ternary complex with an affinity and 
specificity suggestive of a role in neurotransmitter release 
(Brose et al., 1992). Such a function for synaptotagmin 
I is compatible with results obtained from microinjection 
experiments in neural cells (Bommert et al., 1993; Elferink 
et al., 1993) and from studies on mutant strains of Drosoph- 
ila and Caenorhabditis elegans that lack synaptotagmin 
(DiAntonio and Schwarz, 1994; Littleton et al., 1993; Nonet 
et al., 1993), which demonstrated that synaptotagmin is 
important for normal neurotransmitter release. Recent 
studies on mutant mice that lack functional synaptotagmin 
I showed that synaptotagmin I is essential for Ca2+-trig - 
gered rapid exocytosis of synaptic vesicles but not for 
Ca2+-independent forms of exocytosis (Geppert et al., 
1994). Together, these studies delineate a major function 
for synaptotagmin I as the Ca 2÷ sensor for rapid, synchro- 
nous synaptic vesicle exocytosis. 
The presence of two C2 domains in synaptotagmin I sug- 
gests that one or both of the C2 domains may be responsi- 
ble for its Ca2÷/phospholipid-binding properties and medi- 
ate its function in triggering exocytosis. Experiments with 
isolated single C2 domains from synaptotagmin I demon- 
strate that the first C2 domain efficiently binds Ca 2+ and 
phospholipids, whereas the second C2 domain seems to 
be inactive (Davletov and S0dhof, 1993, 1994; Chapman 
and Jahn, 1994). The Ca2÷/phospholipid-binding proper- 
ties of the first C2 domain are very similar to those of puri- 
fied synaptotagmin I and agree well with the characteris- 
tics of the Ca 2+ sensor in exocytosis, suggesting that the 
Ca2÷-binding properties of synaptotagmin I and its function 
in exocytosis are at least partly mediated by this domain. 
Recent studies on fragments of PLA2 and rabphilin-3A 
containing C2 domains also demonstrated a potential role 
for these sequence motifs as autonomous Ca2+/phospho - 
lipid-binding domains (Nalefski et al., 1994; Yamaguchi 
et al., 1993). Nevertheless, not all C2 domains are involved 
in Ca2+-regulatory events. For example, the first C2 domain 
of synaptotagmin IV lacks an evolutionarily conserved 
amino acid substitution that, as shown in this work, renders 
it incapable of high affinity Ca2+-dependent phospholipid 
binding (UIIrich et al., 1994). 
C2 domains exhibit no sequence homology to other Ca 2+- 
binding proteins. Thus, they probably constitute a novel 
family of Ca2+-regulatory motifs that also encompasses 
members that have lost their Ca 2~ regulation, similar to 
some EF-hand motifs. However, in spite of their wide- 
spread distribution in many proteins involved in signal 
transduction and membrane traffic, no information is avail- 
able about the three-dimensional structure of C2 domains. 
We therefore decided to study the structure of the first C2 
domain of synaptotagmin I, which was chosen because 
it is well characterized and probably plays a central role 
in mediating the function of synaptotagmin I as the Ca 2+ 
sensor in exocytosis (Davletov and S0dhof, 1993; Geppert 
et al., 1994). The high resolution structure of this domain 
shows it to be an example of a distinct and heretofore 
undescribed Ca2÷-binding fold, with an unusual bipartate 
Ca2÷-binding site. Furthermore, the structure reveals a 
conserved 60-residue core, comprising a compact motif 
that we have named the "C2 key." 
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Table 1. Refinement Statistics 
Deviations from 
Atoms Ideality (rms) rms Deviation 
Data set Resolution (/~) Reflections ~ R factor b (total) Waters Angles (o) Bonds (,~) versus Native ° 
Native 6.0-1.9 9851 0.186 1119 80 1.58 0.010 - 
Native.Ca 2+ 6.0-1.9 8372 0.196 1108 77 1.57 0.011 0.215 ,~, 2 
a F/a > 3.0 reflections u ed for refinement. 
b R factor = Z~ IFo- Fcl/E Fo where Fo and Fc are the observed and calculated structure factor amplitudes for the reflections hkl used for 
hkl hkl 
refinement. 
C(~ superposition using only residues visible in the electron density. 
Results 
Ca2*-Dependent Phospholipid Binding by 
Recombinant Synaptotagmin C2A Domain 
The membrane-proximal "first" C2 domain of rat synapto- 
tagmin (residues 140-267) was expressed as a glutathi- 
one S-transferase (GST) fusion protein in Escherichia coli 
(GST-SytlC2A) in which the C2 domain is linked to GST 
through a thrombin-sensitive peptide (Davletov and SQd- 
hof, 1993). To provide a more accessible protease recogni- 
tion site, the cleavage site is extended by a glycine-rich 
"kinker" sequence adjoined to the N-terminus of C2 (Guan 
and Dixon, 1991). Thrombin cleavage consequently ields 
a full-length C2 domain extended at its N-terminus by 17 
residues derived from the kinker peptide and polylinker 
sequences (hereafter eferred to as SytlC2A). The cleaved 
SytlC2A domain is fully capable of binding PS/PC lipo- 
somes with high cooperativity in the presence of Ca 2+. 
Half-maximal binding is observed at 4-6 p,M Ca 2+, as is 
the case for GST-SytlC2A (Davletov and SQdhof, 1993). 
The observed cooperativity may reflect the physiological 
properties of synaptotagmin. Alternatively, cooperative 
binding may be a consequence of the high effective con- 
centrations of phospholipid-binding sites on liposomes 
and MAb-complexed C2 ligands attached to protein A 
beads. 
Three-Dimensional Structure of the C2 Domain 
Large crystals of SytlC2A were obtained by vapor diffusion 
using Li2SO4 as a precipitant. The crystals diffract Ioeyond 
1.7 ,~ and belong to the monoclinic space group P21 (a = 
42.3 ,~, b = 38.9 ,~,, c = 44,6 ,~,, 13 = 96.9°). A complete 
native data set (Table 2) was measured (see Experimental 
Procedures) to a resolution of 1.9 ,~,. The initial atomic 
model was obtained by interpretation of an electron den- 
sity map phased by conventional multiple isomorphous 
replacement/anomalous scattering (MIRAS) techniques 
using three heavy atom derivatives, with data extending 
to 2.3 ,~, resolution. Although of high quality, the MIRAS 
electron density map was markedly improved by phase 
refinement and extension to 1.9/~, by means of the program 
SQUASH (Zhang, 1993) (Figure 1). The final atomic model 
has been refined to an R factor of 0.186 with data ex- 
tending from 6.0 to 1.9 ,~, resolution (Table 1). Deviations 
from ideal stereochemistry and the distribution of confor- 
mational angles about expected values are within the 
ranges expected for well-refined X-ray structures deter- 
mined at high resolution. Main chain ~ and ~ torsion 
angles of more than 90% of the nonglycine residues fall 
within the "most favored" regions of the Ramachandran 
plot, as defined within the program PROCHECK (Laskow- 
ski et al., 1993). None of the residues adopt "disallowed" 
conformational angles. 
From primary sequence data alone, it is difficult o locate 
precisely the boundaries of an individual C2 domain. In the 
case of synaptotagmin, domain boundaries were predicted 
on the basis of the apparent repeat lengths of the tandem 
C2 domains. The assignment was corroborated by the ob- 
servation that smaller fragments expressed in bacteria are 
misfolded and do not exhibit Ca2+-dependent phospholipid 
binding activity (B. A, D. and T. C. S., unpublished ata). 
The crystal structure demonstrates that SytlC2A is indeed 
folded into a single, compact protein domain (Figure 2). 
SytlC2A forms an eight-stranded Greek-key I~ sandwich 
(Richardson, 1981) with an unusual, perhaps novel, strand 
connectivity (Figure 3). If the first two strands are elimi- 
" , .  
Figure 1. Representative Electron Density 
A section of the electron density map. computed with MIRAS (multiple 
isomorphous replacement]anomalous scattering) phases to 2.3 A and 
extended to 1.9 A using the program SQUASH (Zhang, 1993), is 
contoured at two standard eviation units above the root-mean-square 
value of the map. The region of sheet A containing the tandem 13 bulges 
is depicted. 
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Table 2. Statistics for X-Ray Data Collection and Phase Determination 
Diffraction Data Number of 
observations 
Derivative a Concentration Soak Time (hr) dr.i, (~.) AF/F (% completeness) Redundancy R,ymm=r~ 
Native -- -- 1.9 -- 31400 (95) 2.8 3.8 
TMLA 10 mM 48 1.8 13.7 44131 (94) 2.4 4.8 
KTCP 1 mM 48 1.8 19.2 53721 (93) 2.2 4.9 
MHGC 20% sat. 48 1.8 24.5 30497 (86) 1.8 5.0 
CaCI2 0.1 mM 24 1.9 12.2 33453 (93) 3.3 5.1 
MIR Phasing 
FH/E versus (resolution, ,~) 
Derivative Number of Data b Number of Sites Rcu,,s (10.8) (6.5) (4.6) (3.6) (3.0) (2.5) (2.2) Total 
TMLA 5611 3 0.60 2.8 2.9 2.1 1.6 1.6 1.7 1.5 1.9 
KTCP 5594 2 0.88 1.0 1.4 1.1 0.8 0.7 0.7 -- 0.8 
MHGC 5030 1 0.63 1.5 2.2 1.8 1.6 1.7 1.7 1.5 1.9 
<FOM> 0.74 0.85 0.79 0.74 0.69 0.66 0.55 0.66 c 
R ....... (~)= ~-'hk~ ~'ll'{hkl)-1-~'-~llT"~ ~,k~ '  I~(hkl) R ...... = hk~7"IFpH--+ IFP+ FH(caLc)l I / hkl~lFH+ FPI FH/E= I~IFHI2/~ I E 121 
FH/E is the phasing power of the derivative computed by MLPHARE; F. is the calculated heavy atom scattering amplitude and E is defined as 
the lack of closure error. Fp. is the derivatized protein scattering amplitude, and F~ is the native protein scattering amplitude for any hkl. <FOM> 
is the mean figure of merit. I is reflection intensity. 
a TMLA, trimethyl lead acetate; KTCP, potassium tetrachloroplatinate; MHGG, methyl mercury chloride. 
b All data from 10.0/~ to 2.2/~, for TMLA and MHGC; all data from 10.0 A to 2.5 A for KTCP. 
c Figure of merit before phase extension/refinement wi h SQUASH. 
nated, however, the topology is similar to that of 13 strands 
2 -7  of (~-amylase inhibitor (Pflugrath et al., 1986; see code 
1hoe in the Protein Data Bank, Bernstein et al., 1977). 
In the following discussion, we shall refer to the sheet 
composed of strands 8, 1, 2, and 5 (moving clockwise 
around the topology diagram shown in Figure 3) as sheet 
A; sheet B contains strands in the order 4, 3, 6, and 7. 
The Greek-key crossover connection, between strands 5 
and 6, contains the only helical segment in this domain 
of synaptotagmin I. 
The first 18 residues of the crystallized protein originate 
from the expression vector and are not part of the C2 motif. 
Gly-9f of the expressed protein (residues preceding the 
actual C2 N-terminus are designated 1f-17f) is the first 
residue visible in the electron density. The "glycine kinker" 
region encompasses residues 9f through 11f. Remark- 
ably, these and the following six residues fold into a short, 
three-turn ct helix (Figure 2). Of all amino acids, glycine 
is the most destabil izing of c~-helical secondary structure 
(O'Neil and DeGrado, 1990). In the present case, the sur- 
face of the polyglycine helix is buried in a hydrophobic 
cavity between symmetry-related molecules. Here, as ob- 
served also in the products of insertion/deletion mutagen- 
esis in T4 lysozyme (Heinz et al., 1993), the secondary 
structure adopted by a polypeptide sequence is clearly 
influenced by the molecular surface against which it packs. 
The C2 domain of synaptotagmin contains four 13 bulges 
imbedded within the sandwich. A I~ bulge is a "region be- 
tween two consecutive 13-type hydrogen bonds that in- 
cludes two residues on one strand opposite a single resi- 
due on the other strand" (Richardson et al., 1978). In most 
cases, the net effect of this insertion is to bend or twist 
the 13 sheet by as much as 45 °, depending on the nature 
of the bulge (Richardson et al., 1978). However, sheet A 
of SytlC2A is distinguished by the unusual occurrence of 
two 13 bulges in successive strands (see Figure 1). The 
Figure 2. Overall Structure of the C2A Domain of Synaptotagmin 
The N- and C-termini of the SytlC2A domain are labeled as N and C, 
respectively. [3 strands are depicted as arrows, helices as coils, and 
unstructured connecting loops as tubes. Disordered segments are 
shown with thin tubes. The polylysine segment is colored magenta. 
The Ca 2+ is depicted as a red sphere, and the sulfate derived from 
the crystallization medium is shown as a ball and stick model. The 
drawing was produced with MOLSC RIPT (Kraulis, 1991) and rendered 
for the Silicon Graphics Indigo with the program RASTER3D (Bacon 
and Anderson, 1988). 
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Figure 3. Topology Diagrams of the SytlC2A Fold 
Two representations of G-sheet architecture and connectivity after 
(Woolfson et al., 1993; FIores et al., 1994). 
bulge at residues 163 and 164 occurs in the middle of the 
13 sheet in strand 2. Two overlapping bulges encompassing 
residues 205 through 207 are located directly above the 
first in strand 5 at the edge of the 13 sheet. Strands 2 and 
5 are antiparallel and hydrogen bonded to each other. The 
double bulge in strand 5 ensures that both of the adjacent 
carbonyl groups in strand 2 are hydrogen bonded. The 
tandem bulges generate an arch-like distortion in the I~ 
sheet and bend the sheet inward. Consequently, sheet A 
presents a largely convex surface. 
The opposite, sheet B of the molecule, is distinguished 
by the concave surface formed by a pair of adjacent I~ 
hairpins, 133/134 and 136/137, that are oriented antiparallel to 
each other (Figure 2). Together, they form a broad cup-like 
surface presenting a cluster of exposed hydrophobic as 
well as polar and charged residues. Pro-187 begins the 
133/134 loop and adopts a cis conformation in the crystal 
structure. The 1331134 loop also contains the polybasic se- 
quence of four successive lysine residues 189-192. These 
lysine residues are completely disordered in this structure. 
The 13 bulge at residues 240-241 in strand 7 introduces 
a sharp bend in a 13 ribbon to form one of the Ca2+-binding 
loops (see below). 
Thr-195 is conserved in most C2-contain ing proteins (see 
Figures 5 and 6). This residue introduces a severe distor- 
tion of 13 structure at the edge of the sheet. The buried 
side chain of this threonine residue penetrates the sheet 
between strands 3 and 4, accepting a hydrogen bond from 
the amide of residue 181. 
A sulfate anion from the crystallization solution is coordi- 
nated to two conserved basic residues that flank the Ca 2+- 
binding loops. It is possible that these two are involved in 
phospholipid binding and that the sulfate of crystallization 
mimics the phosphate moiety of a phospholipid head group. 
C= Domains Contain a Novel Bipartite 
Ca2+-Binding Site 
To investigate the possibility that the synaptotagmin C2 
domain binds Ca 2÷ in the absence of phospholipids, crys- 
tals were equilibrated in a soaking solution containing 0.1 
mM CaCI2 for 24 hr. Crystals of SytlC2A are exquisitely 
sensitive to Ca 2+ and crack or dissolve if exposed to con- 
centrations above 0.1 mM. Although the mosaicity of the 
C2 crystals increased with some loss in diffracting power, 
it was nevertheless possible to measure a nearly complete 
X-ray data set to a resolution of 1.9,~, (Table 2). The highest 
peak in the difference Fourier map (complex versus native; 
four standard deviations above the mean value of the map) 
is located between the 132/133 and [361137 loops and is sur- 
rounded by a cluster of aspartic acid side chains. 
An atomic model of the SytlC2A-Ca 2÷ complex has been 
refined to a crystallographic R factor of 0.196 (Table 1). 
A rotation of the side chain of Asp-232, moving it into the 
Ca 2÷ coordination sphere, is the only significant structural 
change. Electron density for this residue is weak, however, 
and it appears to be disordered (average side chain B = 
Figure 4. Ca 2÷- and Sulfate-Binding Site of SytlC2A 
Atoms are color-coded as follows: oxygen, red; nitrogen, cyan; carbon and sulfur, yellow; Ca 2--, bluish white. Disordered residues are colored in 
lighter shades. 
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PLC~2 .efnuc~pdkqfnpfsvdrldvvvattlsitvisgqflsersvrtyvevelfglpgdpk .... rryrtklsp 720 
200 210 220 ~230 240 250 260 
b b b b b b bbbbb b bb b b b b 
SYTIC2A ktlnpv fneq • ft f. kvpyselggkt l~na~D fDr fskhdiige fkvpmntvdfghvteewEdlqsae .... 266 
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PKC npvwnet. ~ ,~gdv . .  errlsvevwdwdrtsrndfmgamsfgvsel. ~kapvdgwykll,qeeg.. 283529 
UNC- i~ qe inpvwnek, fh f.e c hn s. .... t dr ikvrvwdedndlkskl r qkl t r e s ddf Igqtvievr t i sgemdvw~n 845 
PLA2 
g¢npvwpaKpfhfq. ~snpef.. aflrfvvyeedmfsdqnflaqatfpvkglktcjyravplknnysegle.. 1201 
egqnpvwsee, fvfddlpp.., dinr feitlsnktkkskdpdilfmrcqlsrlqkgha~dewfllssh~pl~g 697 
PLC~2 nsinpvwkeepfvfekilmpel., aslrvavmee .... gnk f igh =iipin a !ns gyhhl cl h s esnmp i t~p 789 
Figure 5. Structure-Based Sequence Align- 
ment of C2 Domains 
Acidic residues involved in Ca 2+ ligation are 
capitalized in the SytIC2A sequence. Arrows 
refer to f,-sheeI structure. The small helical 
segment in the structure is represented as a 
helix. Black lines represent loop structure. Col- 
ored arrows correspond to the colors of the ac- 
companying model in Figure 6. The sequences 
are listed in the order of sequence identity rela- 
tive to SytlC2A. Capital etters "A" and "B" ap- 
pended to the SYTI and RAB sequence names 
refer to the first and second C2 domain of the 
full-length proteins. Residues in SytlC2A hav- 
ing less than 20/~2 of solvent accessible sur- 
face area are marked with the symbol "b" above 
the sequence. Note that residue 188 of the rat 
SytC2A is an Asp instead of a Giu that is re- 
ported in the published sequence. This error 
was first brought to our attention by J. Rizo 
during NMR structural studies of this domain 
(personal communication) and reconfirmed by DNA sequence analysis (data not shown). The residues highlighted in red correspond to the C2 
key. Residues outside of this region cannot be aligned with certainty. 
SYTI, rat synaptotagmin I (Swiss-Prot accession umber P21707); RAB, bovine rabphilin-3A (PIR accession umber A48097); PKCT, rat protein 
kinase C, 7 type (Swiss-Prot accession number P05697); UNC-13, C. elegans phorbol ester/diacylglycerol-binding protein (Swiss-Prot accession 
number P22715); PLA2, mouse phospholipase A2 (Swiss-Prot accession umber M72394); PLC71, bovine phospholipase C-~,1 (Swiss-Prot accession 
number P08487); PLC~2, human phospholipase C-132 (Swiss-Prot accession umber Q00722); GAP, bovine ras GTPase-activating protein (Swiss- 
Prot accession umber P09851). 
35,~2). Otherwise, the Ca2+-free and Ca2+-bound structures 
are virtually identical (Table 1). The thermal parameter 
(B) of the Ca 2÷, refined with full occupancy, is 45 ,~2. The 
Ca2+-free structure contains a water molecule at the Ca 2+ 
site; consequently, the peak arising in the difference Fou- 
rier map results from the subtraction of the electron density 
of a water molecule from that of the Ca 2+. 
The Ca 2÷ binds a cup-like cavity formed between the 
two loops connecting 132 with [33 and 136 with 137. Unlike 
other Ca2+-regulatory binding sites characteristic of EF 
hand (Kretsinger, 1980) and annexin folds (Huber et al., 
1990; Concha et al., 1993), the C2-binding site is a bipartite 
structure formed by two remote segments of the polypep- 
tide chain (Figures 2 and 4). The ligand field surrounding 
the Ca 2÷ consists of two well-ordered acidic residues, Asp- 
178 and Asp-230, as well as the partially ordered Asp-232. 
Asp-172 is also a potential ligand, but is completely disor- 
dered. Both carboxylate oxygen atoms of Asp-230 and 
one oxygen atom of Asp-178 serve as Ca 2+ ligands. Other 
atoms in the coodination sphere include the carbonyl oxy- 
gen of Phe-231 and a water molecule (Figure 4). The distal 
regions of the two polypeptide loops that form the Ca 2÷- 
binding site are disordered and cannot be modeled (resi- 
dues 172-175) or refined with average thermal parame- 
ters greater than 30 ,~2 (residues 233-236). 
Three of the Ca 2+ ligands, the Asp-178 and Asp-232 car- 
boxylates and the carbonyl oxygen of Phe-231, lie in a 
plane. Asp-230, a bidentate ligand (both carboxylate atoms 
are within 2.6 ,~ of the Ca 2+) and an ordered water molecule 
are trans-axial ligands. Thus, the distribution of Ca 2÷ li- 
gands approaches the hexa- or heptadentate coordination 
observed in protein Ca2+-binding sites (Strynadka and 
James, 1989); However, the average Ca2+-O contact dis- 
tance of 2.6 A is significantly greater than the 2.3-2.4 ,~ 
expected for strong Ca 2+ ligation. It is possible that the 
Ca2+-binding site is not fully formed in these crystals and 
that further conformational changes might be required to 
generate the functionally active complex. 
All four of the aspartyl residues implicated in Ca 2÷ bind- 
ing are conserved in members of the C2 family known to 
bind Ca 2÷ and are contained within the highly conserved 
structural core (Figure 5). To corroborate the observation 
that these residues participate directly in Ca 2÷ binding, the 
two most ordered residues, Asp-178 and Asp-230, were 
individually replaced with asparagine side chains by site- 
directed mutagenesis. Both the D178N and D230N mu- 
tants are expressed as soluble, immunoreactive proteins, 
yet fail to exhibit Ca2+-dependent liposome binding activity 
(data not shown). 
A Conserved Core: The C2 Key 
Amino acid sequences are now available for more than 
40 C2 domains. We have refined the primary sequence 
alignments proposed by Perin et al. (1991b) and Clark et 
al. (1991), seeking to avoid insertions or deletions within 
segments that correspond to elements of secondary struc- 
ture in synaptotagmin C2 (Figure 5). Among the C2 se- 
quences included in the alignment, those from synaptotag- 
min, rabphilin, PKC, and UNC13 (Maruyama nd Brenner, 
1991) are most closely related. The phospholipases and 
GAP are divergent. All C2 domain-containing proteins pos- 
sess a conserved core of about 60 residues, which in the 
first C2 domain of the synaptotagmin sequence extends 
from Asp-172 through Asp-238. This region exhibits sev- 
eral striking features. First, the four aspartyl residues impli- 
cated in Ca 2+ binding are located near its N- (Asp-172 and 
Asp-178) and C-termini (Asp-230 and Asp-232). Second, 
the sequence contains the polybasic region common to 
several members of the C2 domain family. Third, it folds 
into a single compact Greek-key motif that we have desig- 
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Figure 6. Secondary Structural Elements Comprising the C2 Key 
Elements are color coded in correspondence to Figu re 5. Loop regions 
are shown in magenta, and segments outside the boundaries of the 
C2 key are shown in light gray. The side chain atoms of conserved 
residues are depicted• The side chain atoms of Lys-189 to Lys-192 
have been modeled; in the crystal structure, they are disordered and 
are not observed in the electron density map. 
B 
nated the C2 key (Figure 6). The putative Ca2+-binding site 
residues in the loop preceding 153 are absent in the PLC 
enzymes and in GAP; in contrast, the (D,E)x(D,E,N) se- 
quence (alternative residues at a single position are sepa- 
rated by commas and enclosed by parentheses, and "x" 
may or may not be occupied by an amino acid) following 
156 is conserved among all family members analyzed here. 
Remarkably, Thr-195, which penetrates sheet B as de- 
scribed above, is also conserved in all C2 domains. Strands 
153 and 155 contain particularly strong consensus regions. 
The latter contains the sequence [(I,L)NP(V,I)(W,F,Y) 
(N,S)E], which is positioned at the edge of sheet A, where 
alternating residues are either buried in the interior of the 
sheet or presented as a contiguous surface of conserved 
side chains (Figure 6). This is also the locus of the overlap- 
ping double 15 bulge comprising residues 205-207. 
A weak sequence repeat is evident within the C2A do- 
mains of synaptotagmins I- IV and rabphilin (Figure 7). 
This apparent duplication does not give rise to a topologi- 
cal or structural repeat. That is, the two segments cannot 
be superimposed in the three-dimensional structure. The 
C2-key motif straddles the boundary between the two re- 
peats, and the Ca2+-binding site is split between them. The 
first subsite defined by the DmgGtSD sequence (residues 
172-178: nonconserved residues are indicated in lower 
case) is contained within the first repeat, whereas the sec- 
~sp251 
Figure 7. Membrane Proximal C2 Domains Contain a Weak Internal 
Duplication 
(A) Sequence alignment of the N-terminal and C-terminal halves of 
the membrane-proximal C2domains of Sytl, Sytll (2712), Sytlll (Mizuta 
et al., 1994), SytlV (Hilbush and Morgan, 1994), and rabphilin. Se- 
quence similarities between the half-domains are depicted with vertical 
lines between corresponding residues of ach repeat. Conserved resi- 
dues in the Ca2+-binding sites I and II, and the corresponding pseudo- 
sites I' and I1', are in bold. Ca2+-binding residues are shown with capital 
letters• Residue numbers are shown for SytlC2A. The insert below 
shows the overlap between the repeats and the conserved C2-k y
motif. The approximate positions f the Ca2+-binding sites and their 
degenerate hornologs are shown. 
(B) Observed and "degenerate" Ca2+-binding sites in SytlC2A. 
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ond Ca 2+ subsite, DfD (residues 230-232), is located in 
the second repeat. However, it appears that each repeat 
contains a degenerate copy of one of the Ca 2÷ subsites. 
Thus, if we designate the observed Ca 2+ subsites as I and 
II, and their analogs as I' and I1', the order of their appear- 
ance in the structure is [... I1'.... I...] and [... II .... I'...], where 
brackets enclose the N- and C-terminal repeats in the se- 
quence. The analog I' and I1' subsites are, like their Ca 2+- 
binding counterparts, located within a pair of neighboring 
loops, on the opposite ends of the molecule from the site 
at which Ca 2÷ is observed to bind (Figure 7). It is clear that 
the I' and I1' subsites are degenerate, however, because 
the two aspartate residues of the DxD motif in il' project 
into solvent, rather than into the cavity between the loops, 
and the two aspartates in the I' motif are located in the 13 
strand downstream of the loop. 
Discussion 
C2 domains represent regulatory sequence motifs present 
in a large number of proteins. Judging from the limited 
studies available, most C2 domains function in mediating 
Ca 2÷ regulation of proteins in signal transduction cascades 
and membrane trafficking processes. We have now deter- 
mined the three-dimensional structure of the first C2 do- 
main of synaptotagmin I in a Ca2+-free and Ca2+-bound 
form. In synaptotagmin I, this C2 domain is probably re- 
sponsible for mediating its function in triggering synaptic 
vesicle exocytosis (Geppert et al., 1994). Among proteins 
that are regulated by Ca 2+, the binding site in C2 is unusual. 
it is located between two loops, like the arms of a clamp, 
that are distant from each other in primary sequence. In 
contrast, the Ca2÷-binding site in the EF-hand proteins (tro- 
ponin C, calmodulin) or the annexins occurs within a single 
stretch of polypeptide chain (Strynadka and James, 1989). 
The crystal structure of SytlC2A reveals the C2 domain 
to be a compact 13 sandwich with a conserved core motif, 
which we refer to as a C2 key. We propose that the C2 key 
corresponds to a signature of the C2 domain family rather 
than a potentially independently folding polypeptide. There 
is less sequence similarity among C2 domains in the N- and 
C-terminal regions flanking this conserved core. Hence, 
the structure of the C2 domain from synaptotagmin I may 
be typical of the family, but it is likely that other C2 domains 
will show structural variations outside of the C2-key motif. 
The C2 domains that have so far been characterized are 
present in the context of larger protein folds. Therefore, 
the variable structures, which comprise at least half of 
the C2 domain, may have diverged to recognize a diverse 
range of intramolecular surfaces. 
Experiments described here and elsewhere (Davletov 
and SSdhof, 1993; Chapman and Jahn, 1994) demon- 
strate that the first C~ domain of synaptotagmin I contains 
at least one functional Ca2+-binding site. Here, we have 
shown that Ca 2÷, when present at 100 I~M, diffuses into 
crystals containing SytlC2A and binds to a single site be- 
tween two polypeptide loops located within the C2-key mo- 
tif. The ligand field of Ca 2+ includes at least four aspartate 
carboxylates, of which only two are well ordered, in addi- 
tion to a carbonyl oxygen and a water molecule. The rather 
long Ca2+-O distances and the absence of a complete 
hexa- or heptacoordinate coordination sphere suggest 
that the metal-binding site is not fully formed. It is possible 
that the formation of a tight Ca2÷-binding site requires con- 
formational changes that cannot be accomodated by the 
crystal lattice. Indeed, crystals dissolve in >100 ~M Ca 2÷, 
but this effect may be due to the extraction of ordered 
sulfate ions required to stabilize the lattice. It is also possi- 
ble that the first C2 domain does not exhibit full Ca 2÷ affinity 
in the absence of the distal C2 domain present in the full- 
length protein. This seems unlikely, because the ECso for 
Ca2÷-dependent liposome binding is of the same order for 
SytlC2A and the full-length cytoplasmic domain (B. A. D. 
and T. C. S., unpublished data). However, this does not 
preclude the related possibility that high affinity Ca 2+ bind- 
ing may be cooperative, leading to oligomerization of the 
C2 domains. Finally, the affinity of the C2 domain for Ca 2÷ 
may be weak in the absence of phospholipids. 
The two most highly conserved segments in the C2 key, 
the PYV sequence beginning at residue 179 and the 
NPVFNExF sequence beginning at residue 203, are 
largely hydrophobic and may have predominantly struc- 
tural roles in maintaining the integrity of the fold. Some 
residues from both of the conserved segments form a hy- 
drophobic cluster at the edge of the 13 sandwich, but others 
(Tyr-180, Leu-202, and Val-205) are fully exposed, sug- 
gesting a role in intra- or intermolecular packing or recogni- 
tion. The local disruption of ~-sheet structure caused by 
Thr-195 may be a conserved feature of C2 domains. 
The polybasic sequence located at the hairpin loop con- 
necting 133 and 134 is present in most, but not all, members 
of the C2 family. In synaptotagmin I, the sequence consists 
of four lysine residues beginning at position 189. These 
residues are not visible in the electron density map, and 
we infer that they are disordered. These basic residues 
are located in the concave surface formed by sheet B, 
distal to the Ca2+-binding site. It is reasonable to assume 
that this region is involved with phospholipid interaction 
because of its positive charge. However, PKC does not 
possess this polybasic sequence, yet it can interact with 
membranes in a Ca2÷-dependent manner (Bazzi and Nel- 
sestuen, 1990; Orr and Newton, 1992). Bommert et al. 
(1993) have shown that injection of a peptide correspond- 
ing to the polybasic region of Loligo pealei synaptotagmin 
causes a build-up of synaptic vesicles at the active zone. 
The basic region might form a site of interaction with other 
proteins involved with synaptic vesicle docking and/or 
neurotransmitter release, or form other nonspecific con- 
tacts with the membrane surface. 
The possibility that a weak tandem duplication exists 
within the C2 domain sequence is intriguing, but its signifi- 
cance is unclear. The duplication is only observed in the 
membrane-proximal domains of the proteins that contain 
tandem C2 domains, e.g., synaptotagmins I-IV and rabphi- 
lin (Figure 7). The duplication gives rise to a degenerate 
pseudo-Ca2÷-binding site in which prospective binding res- 
idues are not properly clustered or oriented for Ca 2÷ liga- 
tion. Aside from the trivial possibility that the apparent 
repeat has evolved by chance, it is possible that the C2 
domain did indeed arise through a gene duplication that 
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is not manifested in the topology of the domain itself. Se- 
quence d ivergence could then have erased all traces of 
this duplication from most members  of the C2 family. In- 
stead, selective pressure to conserve the C2-key structure 
appears to have been stronger. 
The ability of synaptotagmin to bind lipid membranes  
is a direct consequence of its interaction with Ca 2+. Ca 2+ 
could induce structural changes within the C2 domain that 
expose potential lipid (or protein) binding surfaces. Such 
interactions might be synergistic. The ca lmodu l in -Ca  2÷ in- 
teraction could serve as a general  paradigm for such a 
structural switch (Herzberg et al., 1986; Meador  et al., 
1992), although in C2, the mechanism is likely to be quite 
different. Ca 2+ could flex the C2 domain by pulling the two 
loops of the bipartite binding site together, thereby altering 
the contour of the concave surface that contains the poly- 
basic region and many of the conserved residues in the 
C2 key. The structural changes might be both subtle and 
extensive and could alter the binding or ol igomerizat ion 
propert ies of the domain. A short-range mechanism might 
invoke Ca 2÷ to order the l~2/~3 and 136/~7 loops so that 
Arg-199 and Arg-233 at their apices could coordinate the 
phosphol ipid head group. In the crystal structure, these 
residues are complexed to an ordered sulfate ion from the 
crystall ization medium. We anticipate that further physical 
studies, including the cocrystal l ization of C2 domains with 
phosphol ipids,  will i l luminate the mechanism of Ca2÷/phos - 
pholipid synergy. 
Experimental Procedures 
Construction of Bacterial Expression Plasmids 
The plasmid encoding the full-length membrane-proximal C2 domain 
of rat synaptotagmin I fused to GST (plasmid name pGEX65-4; protein 
designation for the current paper is GST-SytIC2A) was described pre- 
viously (Nishiki et al., 1994). The mutant C~ domain plasmids in which 
aspartates at positions 178 and 230 were substituted by asparagine 
residues (plasmid names pGEX65-4 ~178 and pGEX65-4N~; protein des- 
ignations for the current paper are D178N and D230N) were con- 
structed by a two-stage PCR procedure. First, PCR was used to gener- 
ate fragments with two separate pairs of oligonucleotides for each 
mutation, oligonucleotides A versus C and B versus D for the first 
mutation and oligonucleotides A versus E and B versus F for the sec- 
ond mutation. (Oligonucleotide sequences: A, CGCGGATCCACCAT- 
GGTGGAGAAACTGGGAAAGCTCCA; B, GCGAAGCTTATTTCTC- 
AGCGCTCTGGAG; C, CGGTTCGAAGTACCCCCCATGTCCAG; D, 
CGCTTCGAATCCATACGTCAAAGTCTTCCTG; E, CGCACTAGTGT- 
TTGCCACCTAATTCC; F, CGCACTAGTGATGGCTGTGTATAACTT- 
TGATCGCI Ir] I CGAAGCACGACA.) Appropriate products were gel 
purified and digested with BstBI (A/C and B/D) or Spel (NE and B/F) 
and iigated to each other. Ligations were then amplified by PCR with 
oligonucleotides A and B~ the appropriate products were purified by 
gel electrophoresis, cut with Nocl and Hindlll, and cloned into the 
same sites of pGEX-KG (Guan and Dixon, 1991). Plasmid structures 
were confirmed by DNA sequencing. All bacterial GST fusion proteins 
were expressed and purified as described (Davletov and S~dhof, 
1993). 
Protein Purification 
The rat synaptotagmin I membrane-proximal C2 domain was cloned 
into the pGEX-KG bacterial expression plasmid and transformed into 
competent BL21-DE3 cells. A 100 ml overnight culture was grown in 
the presence of 100 i~g/ml ampicillin in Terrific Broth (TB). The over- 
night culture was used to inoculate 1 liter of TB with 100 i~g/ml ampicil- 
lin. Protein expression was induced with 0.1 mM IPTG. This 1 liter 
culture was grown for 3 hr at 37°C while shaking in a 2 liter Fernbach 
Flask. The cells were collected by centrifugation at 5000 rpm in a 
Sorvall GSA centrifugation rotor for 30 min. Typically, 5 g (wet weight) 
of bacteria could be collected per liter of culture. The ceils were frozen 
in liquid nitrogen, thawed on ice, and resuspended in 10 ml of lysis 
buffer (50 mM Tris [pH 7.7], 200 mM NaCI, 5O/o glycerol, 1 mM DTT). 
Hen egg white lysozyme was added to 1 mg/ml of resuspended cells 
and incubated on ice for 1 h r. At this point, 1 mM MgCI2 and I mM MnCI2 
were added followed by 5 mg of DNase. This mixture was incubated 
for 30 rain on ice. The total cell lysate was centrifuged in a SS-34 
rotor for 30 rain at 10,000 rpm. The clear yellow supernatant was 
subsequently filtered with a 0.45 I~m syringe filter. This supernatant 
fraction was applied to a 1 ml GST-Sepharose column that was pre- 
pared according to the instructions provided by Pharmacia. The col- 
umn was washed extensively with PBS until the OD28o of the flow 
through buffer was 0.02 or lower. The fusion protein was eluted with 
15 mM reduced glutathione in 50 mM Tris (pH 8.0). All chromatography 
to this point was performed at room temperature. From a 1 liter culture, 
approximately 75 mg of fusion protein would elute from the glutathione 
column. The protein was extensively dialyzed against thrombin cleav- 
age buffer (50 mM Tris [pH 8.0], 200 mM NaCI, 2.5 mM CaCI~). The 
fusion protein was cleaved with thrornbin for 1 hr at 25°C. Approxi- 
mately 300 p.g of thrornbin was used to cleave 75 mg of fusion protein. 
The cleaved proteins were concentrated using Filtron 10 concentration 
membranes to about 50 mg/ml. The SytlC2A domain was separated 
from the GST and the uncleaved fraction by successive fractionation 
with a Pharmacia Superdex-200 gel filtration column in 100 mM BES 
(pH 7.4), 200 mM NaCI, 1 mM EGTA, and 1 mM EDTA. The SytIC2A 
peak was collected, concentrated, and rerun on the column. This frac- 
tion was concentrated to 20 mg/ml. Purity was assayed on a Pharmacia 
10%-15% PhastGel as one band at the appropriate molecular weight 
on a silver-stained gel. Protein concentration was measured with the 
Pierce BCA Protein Assay kit. 
Ca=*-Dependent Binding of [3H]Phosphotidylcholine/ 
PhosphaUdylserine Liposomes 
3H-labeled liposomes were prepared and used for Ca2+-dependent 
binding assays as described (Davletov and S~dhof, 1993) with GST- 
synaptotagmin I fusion proteins immobilized on glutathione agarose. 
For the Ca2+-dependent phospholipid binding assay of SytlC2A, GST- 
SytlC2A (D178N) and GST-SytlC2A (D230N), cleaved from GST by 
thrombin, the C2 domains were immobilized by the monoclonal anti- 
body C141.1 (gift of R. Jahn, Yale University School of Medicine) on 
protein A-Sepharose beads, and Ca2÷-dependent phospholipid bind- 
ing assays were carried out in Ca2÷/EGTA buffers (Davletov and SOd- 
hof, 1993). 
Protein Crystallization 
Protein crystals were grown by the hanging drop method at 21 °C by 
equilibration against a reservoir containing 2.0 M Li~SO4, 100 mM BES 
(pH 7.2). Five I~1 of concentrated (20 mg/ml) SytlC2A and 5 p.I of the 
reservoir solution were mixed on silanized glass coverslips. Crystals 
appeared after 3 weeks and typically attained dimensions of 1 mm x 
1 mm x 0.3 ram. The crystals belong to the monoclinic space group 
P21, with one molecule in the asymmetric unit. Unit cell parameters 
are a = 42.3/~., b = 38.9 ,~,, c = 44.6 ,~, ~ = 96.9 °, Solvent content 
of the crystals is 40%. The crystals were stabilized in 2.0 M Li2SO4 
for heavy atom derivatization. 
X-Ray Data Collection, Structure Determination, 
and Refinement 
X-ray diffraction extended beyond 1.7 ,A. Diffraction data were col- 
lected on a RAXIS ilC at 23°C-27°C with graphite-monochromated 
CuKc¢ X-rays produced by a Rigaku RU-300 generator operating at 5.4 
kW. The crystal was mounted in a quartz capillary and swept through 
oscillations of 3 ° about the ~ axis of the goniostat. Images were in- 
dexed and integrated with the program DENZO (Otwinowski, 1993). 
Data were scaled using SCALEPACK (Otwinowski, 1993). Subsequent 
data manipulations were carried out with the CCP4 package (Collabo- 
rative Computing Project, Number 4, 1994). 
Heavy atom refinement and phasing were carried out with MLPHARE 
(Otwinowski, 1991). The initial multiple isomorphous replacement/ 
anomalous scattering (MIRAS) phases were refined and extended 
from 2.3 ~. to 1,9 ,~ in 10 steps using the solvent flattening, histogram 
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matching, and the Sayre's equations options of the program SQUASH 
(Zhang, 1993). 
The resulting electron density map was skeletonized using the 
BONES option in MAPMAN program distributed with the program O 
(Jones et al., 1990). Refinement of the model was carried out with 
X-PLOR (BrLinger, 1992b). The model was built into density with O 
(Jones et al., 1990), followed by 30 cycles of Powell minimization and 
individual B factor refinement using X-PLOR (Bringer, 1992b). The 
free R factor (BrLinger, 1992a), computed with 10% of the data ran- 
domly selected and removed from refinement, was monitored to evalu- 
ate reliability of convergence. When this index fell below 0.25, all data 
were incorporated into the working set. Ordered water molecules were 
added to the model after inspection of a SIGMAA (Read, 1986) 
weighted Po-Fc electron density map. Peaks that were automatically 
selected as potential water sites according to steric and hydrogen- 
bonding criteria using the locally written program WATER. 
Interpretation of the Ca2+-Bound Structure 
To obtain an accurate model of the Ca 2÷ complex, the coordinates of 
the refined native model were subjected to crystallographic refinement 
against structure factor amplitudes measured from crystals of the com- 
plex (Fo,o~). A Ca 2+ atom was not included in this model. The Fo - Fc 
difference map contained a peak at the putative Ca 2÷ site. Finally, a 
simulated annealing omit map (Bringer, 1992b) was calculated, in 
which all of the two loops in contact with the Ca 2+ (residues 171-179 
and 229-234) as well as the Ca 2+ itself were omitted from the phasing 
model. This map was used to reconstruct he Ca2+-binding loops. The 
model was than subjected to iterations of Powell minimization in 
X-PLOR. 
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